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1 INTRODUCTION 
 
In recent years, the interest in Life Cycle Assessment (LCA) as a valuable tool in 
environmental management has increased dramatically. LCA is a method for analysing and 
assessing the environmental impacts of a material, product or service throughout its entire 
life cycle. A complete life cycle includes everything from raw material extraction, 
processing, transportation, manufacturing, distribution, use, re-use, maintenance and 
recycling to final disposal (Consoli et al. 1993). 
 
The results of LCA are intended as a support for environmental-related decisions in the 
context of economic and social factors which, however, are not components of LCA. There 
are many types of information provided by LCAs (Lindfors et al. 1995), but the evaluation 
of the results of LCA always involves multiple values. When choosing the best alternative 
for the problem, a decision maker must consider, for example, water and air emissions, as 
well as consumption of energy and materials. Tradeoffs among inputs and outputs of the 
system are rarely clear.  
 
LCA can be divided into different phases. According to the International Standardisation 
Organisation (1997) LCA should include definition of goal and scope, inventory analysis, 
impact assessment and interpretation of results. The development of methodological rules 
for the establishment of definition of goal and scope and of inventory analysis have been 
widely discussed nationally and internationally on the basis of existing LCA studies.  
However, these LCA studies have very rarely included an impact assessment. There is a 
consensus among LCA experts that the methods for life cycle impact assessment (LCIA) in 
particular must be further developed and refined (e.g. Markovic 1998, Owens 1998, Udo de 
Haes et al. 1999). 
 
Information on time and spatial detail in today’s life cycle impact assessment is very limited 
(e.g. White et al. 1995, Udo de Haes 1996, Owens 1998). Impact assessment is not 
concerned with the local effects of products on ecosystems, but rather the environmental 
effects are defined at a higher level of abstraction from the point of view of global and 
regional impacts (e.g. Heijungs et al. 1992, Lindfors et al. 1995, Hofstetter 1996, Owens 
1998). However, local effects are still important issues for environmental management of 
companies. 
 
In this study, the starting point is that LCIA procedures should be developed in order to 
express global and local impacts in the same framework. The aim of this study is to show 
the solution with the help of decision analysis and to clarify the use of the methodology on 
the basis of a case study of the Finnish metals industry. 
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2 DECISION ANALYSIS IMPACT ASSESSMENT 
Decision analysis impact assessment (DAIA) was developed during an LCA application of 
the Finnish forest industry (Seppälä 1997, 1999). It is based on multiattribute value 
theory (MAVT) and a general procedural framework that has been suggested by the 
Society of Environmental Toxicology and Chemistry SETAC (Consoli et al. 1993). MAVT 
is an axiomatically based decision theory in which decision makers' preferences determine 
the appropriate model for aggregating the results (e.g. Keeney and Raiffa 1976, von 
Winterfeldt and Edwards 1986, French 1988). 
 
The first phase of life cycle impact assessment (LCIA) is the definition of impact categories 
and classification. This phase corresponds to the problem structuring applied in decision 
analysis. The evaluation problem consists of defining and organising the values and 
objectives on the basis of which the alternatives should be compared. From the point of 
view of decision analysis a useful tool in structuring the objectives is a value tree (von 
Winterfeldt and Edwards 1986). A value tree for an LCIA application is composed of three 
elements: impact categories, attributes and alternatives (Fig. 1). On the left hand side the 
general objective behind the assessment is presented, i.e. the total impact caused by 
different impacts. The impacts caused by a product system are determined and divided into 
main categories which can be further divided into sub-categories. For example, acute 
aquatic, chronic aquatic and chronic terrestrial toxicity sub-categories can be included 
under ecotoxicological impacts. Finally, impact categories are divided into sub-objectives, 
called attributes. These are quantitative measures of the impacts themselves. Attributes 
should be defined and determined for each individual impact category on the basis of a 
scientific analysis of the relevant environmental processes. 
 
Note that the elements of a value tree should be constructed and defined so that they have 
the required properties (e.g. completeness, operationally, decomposability, absence of 
redundancy and minimum size; see Keeney and Raiffa 1976). 
 
In problem structuring, interventions (emissions, extractions and land use) caused by an 
alternative a are assigned to one or more impact categories i (i=1,...,n)  on the basis of their 
cause-effect relationships. In DAIA interventions j (j=1,...,m) related to impact categories i 
are called attributes, denoted Xi,j. The alternative a, for example, may be a product system 
(s), a life cycle stage (lcs) or unit process (u). Product system is the collection of materially 
and energetically connected unit processes which performs one or more defined functions 
(ISO 1997). Unit process is the smallest portion of a product system for which data are 
collected when performing a life cycle assessment (ISO 1997). Life cycle stage consists of 
unit processes and covers a certain defined part of the product system. 
 
The same amount of intervention j can cause different magnitudes of adverse effects on the 
environment depending among other things on given locations and types of intervention 
sources. This differentiation can be taken into account by using attributes in DAIA. In the 
value of attribute Xi,j, denoted xi,j, only the effective part of intervention j related to impact 
category i is included. Value xi,j relates the quantity of an intervention that affects a receptor 
(e.g. population) to the physical effect (=response) on this receptor (e.g. an incremental 
number of deaths). Thus, in the determination of attribute value xi,j the task is to assess the 
quantity of intervention j, which causes adverse effects under impact category i.  In the 
context of emission attributes caused by unit process u, the values of attributes can be 
assessed by the following  
 
  
6
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. The value tree of the ecological impacts in the LCIA case of the Finnish forest 
industry and notation of impact category weights (wi), sub-category weights (kaSC) and 
attribute weights (ki,j and kbSC,j ) (modified from Seppälä 1997, 1999). Legend: 
CO2(F)=carbon dioxide (fossil), N2O=nitrous oxide, CH4=methane, Halo=halocarbons 
(CFCs, HCFCs and HFCs),  SO2=sulphur dioxide, NOx=nitrogen oxides, NMVOC=non-
methane volatile organic compounds, NH3= reduced nitrogen, CO=carbon monoxide, H-
metals(A)=release of heavy metals (As, Cd, Cr, Cu, Hg, Ni, Pb, Se, Zn) into the 
atmosphere, POP(A)=release of persistent organic pollutants (e.g. PAHs, dioxins, 
pentachlorophenol) into the atmosphere, TOX(W)= release of toxic compounds (e.g. heavy 
metals, phenols, organochlorine compounds, pesticides) into water, P(W)= phosphorus into 
water, N(W)=nitrogen into water, Forestry practices =  harvesting (timber felling, pruning 
and topping), draining, soil preparation after final felling, wood fertilisation, BOD/COD= 
biological/chemical oxygen demand. 
 
 
 equation (Seppälä 1997, 1999): 
 
 )()()()( ,,, uEuuux jjijiji ⋅⋅= µη        (1) 
    
 where ηi,j(u) = exposure/transport factor of attribute Xi,j  (0ηi,j(u)1) 
 µi,j(u) = effect factor of attribute Xi,j (0µi,j(u)1) 
 Ej(u) =  amount of intervention (emission) j due to product unit u 
 
The exposure factor ηi,j indicates what quantity of a given receptor may be exposed as a 
result of the emission j within impact category i. In the context of non-toxic pollution the 
factor ηi,j could be called transport factor, because in this case it represents the proportion of 
Impact categories Attributes Life cycle stages
 Climate change k 1,1 CO2(F)    Forestry
k 1,3        k 1,2 N2O
k 1,4                          CH4
Halo
w 1 k 2,5 SO2    Production
 Acidification k 2,6 NOx
k 2,7 NH3
w 2 k 3,6 NOx Energy production
Tropospheric k 3,8 NMVOC outside forest industry
ozone formation k 3,9 CO
w 3
Acute    kb 1,14 TOX(W)
Ecological   ka 1 aquatic
impacts w 7     kb 2,15 H-metals(A) Chemical production
  Ecotoxicity   ka 2 Chronic     kb 2,16 POP(A) outside forest industry
aquatic   kb 2,14 TOX(W)
w 4  ka 3
Chronic     kb 3,15 H-metals(A)
 w 5 terrestrial kb 3,16 POP(A)
k 4,6 NOx
Eutrophication k 4,7 NH3  Waste treatment
w 6 k 4,11      k 4,10 P(W) outside forest industry
N(W)
 Impacts on k 5,12
 biological diversity Forestry  Transports
practices
 Oxygen depletion k 6,13 BOD/COD
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an emission reaching a receptor area. The effect factor µi,j identifies the quantity of 
exposed/emitted substance j which causes the effects in a receptor which a given exposure 
may lead to. (Seppälä 1997, 1999) 
 
 In practice, alternative a consists of one or more product units. Assuming that intervention j 
under impact category i is calculated by using product units ud (d=1,…,D). Then the 
attribute value caused by alternative a can be calculated according to 
 
 
=
⋅⋅=
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,,, )()()()( µη  , i = 1,…,n  and j = 1,…,m   (2) 
 
In a basic version of DAIA, the impact of each alternative is calculated by the additive 
model on the basis of multiattribute value theory, MAVT (see e.g. von Winterfeldt and 
Edwards 1986). For this model, the impact value of category i of alternative a, denoted vi 
(a), is given by 
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where vi,j (.) is a single-attribute value function for the  attribute Xi,j within the impact 
category i,  xi,j is a measurement level  (value) of the attribute Xi,j  and ki,j a scaling constant, 
referred to as the weight of the attribute Xi,j. The sum of weights can be normalised to be 1, 
i.e. 
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By using the single-attribute value functions the "natural" scale of an attribute is converted 
into a value scale, which should reflect the decision maker's relative preferences for 
different levels of that attribute (for a more detailed description of the value function see 
e.g. Keeney and Raiffa 1976 or von Winterfeldt and Edwards 1986). In the case of an LCIA 
application, the single-attribute value function vi,j(xi,j(a)) can be normalised on the interval 
[0,1] so that the higher the value, the more harmful the effect. Let x*i,j be the worst level of 
attribute Xi,j and  xoi,j the best value of attribute Xi,j. We assign values of vi,j(xoi,j) = 0 and 
vi,j(x*i,j) = 1. Assuming that single-attribute value functions are linear and xoi,j = 0, the value 
of the single-attribute value function can be calculated by 
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The magnitude of ki,j shows the importance of the attribute Xi,j relative to its contribution to 
the impact category i; the higher the value, the more harmful the attribute. In the model, ki,j 
>0 and the weights sum up to one. Assuming that single-attribute value functions are linear, 
xoi,j = 0, and that the equivalency factors, Eqvi,j, of attribute Xi,j based on scientific 
knowledge of environmental processes are known, the final weight ki,t can be directly 
calculated by (see Seppälä 1997, 1999): 
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In this case, attribute weights can be determined from the scientific data itself using no 
preference information. Equivalency factors such as the “Global Warming Potential 
(GWP)” express the contribution of a single intervention to a specific environmental 
problem (=impact category) as a ratio to the contribution of a standard intervention. The 
concept equivalency factor is used in this article as a synonym for a site-generic 
characterisation factor Ci,j. 
 
 Assuming the simple conditions, i.e. Eqs. 5 and 6 hold, Eq. 2 can be written as 
 
  
i
i
m
j
jiji
m
j
jiji
i N
aI
xEqv
axEqv
av )(
)(
)(
1 *
,,
1
,,
=
⋅
⋅
=

=
=
     (7) 
 
where Ii(a) is an indicator result of impact category i caused by alternative a and Ni  is  
called a reference value or normalisation score. Thus, 
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where Ej(a) is a quantity of intervention j obtained from the inventory and Ci,j(a) is an 
alternative-dependent characterisation factor, i.e. 
 
 )()()( ,,,, aaEqvaC jijijiji µη ⋅⋅= ,  i = 1,…,n  and j = 1,…,m   (9) 
 
 Furthermore (see Eq. 2), 
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If  1)()(
1
,, =⋅
=
D
d
djidji uu µη  for all j = 1,…,m under impact category i then characterisation 
factors are constant for each intervention under impact category i, i.e. Ci,j = Ci,j(a)=Eqvi,j 
and Eq. 8 corresponds to the typical characterisation equation used in LCIA: 
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However, in the basic DAIA application characterisation is based on the “only-above 
thresholds approach” in which only those interventions causing adverse effects are taken 
into account in the assessment procedure via transport and effect factors. In many cases the 
local environmental conditions affect variations in the response caused by a certain quantity 
of intervention. For this reason,  Eq. 8 with alternative-dependent characterisation factors 
including site-specific issues is more appropriate for calculation impact category indicator 
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results. (Climate change and ozone depletion categories are exceptions. Emissions causing 
these impacts have the same response to the environment without depending on local 
circumstances of emission sources.)  Alternative-dependent characterisation factors 
represent the effective parts of interventions j related to impact category i. These factors can 
be determined for each intervention individually on the basis of scientific models, empirical 
data or expert judgements (see Seppälä 1997, 1999). In this way, the method produces more 
realistic impact value scores. 
 
Reference value (= normalisation score) Ni in Eq. 7 is an indicator result of impact 
category i. It is calculated on the basis of  Eq. 8, in which intervention values Ej (.) 
correspond to quantities caused by all a society’s activities in some given area and over a 
reference period of time (Consoli et al. 1993, Wenzel et al. 1997). In DAIA it can be 
calculated by  
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 where b= 1,...,B covers all intervention sources in the reference area. 
 
 Furthermore, according to MAVT an aggregating impact from various impact categories 
 into a single score is calculated by the following equation: 
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 where  I(.) = total environmental impact indicator result, called impact value  
  wi = weight of impact category i 
 
An alternative (= e.g. life cycle stage) a2 is preferred to an alternative a1 if, and only if, I(a1) 
is greater than I(a2). Furthermore, the impact value score of intervention j from alternative a 
can be calculated by the rules obtained from the preference model (see Seppälä 1997, 1999 
and Eq. 23). Note that the higher the value of the impact category weight, the more harmful 
the impact. Furthermore, weights are normalised to 1. 
 
As mentioned above in the simple DAIA version, it is assumed that single-attribute value 
functions are linear and pass through the origin. Given these conditions, the impact value (= 
total environmental impact indicator result) will satisfy the form: 
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 Note that Eq. 14 corresponds to a typically used aggregation rule in LCIA where  
 )()( , aECaI  jjii ⋅=  instead of  )()()( , aEaCaI  jjii ⋅= .  
     
In a decision analysis framework impact category weights are determined according to so-
called panel methods. Panel approaches are used as a heading for a number of different 
approaches that have one thing in common: it is assumed that the relative importance of  
impact categories or interventions (weighting factors) can be derived from an individual or 
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a group of people by elicitation. Elicitation is the process of gathering judgements concern-
ing the problem through specially designed methods of verbal or written communication 
(Meyer and Booker 1990).  
 
There are many other procedures for the determination of weights in the MAVT 
framework, e.g. the ratio method (Edwards 1977), the swing weighting method (von 
Winterfeldt and Edwards 1986), the tradeoff method and the pricing out method (Keeney 
and Raiffa 1976). The tradeoff method is difficult and time consuming compared with the 
methods mentioned above (Borcherding et al. 1991), but it has the strongest theoretical 
foundation (Keeney and Raiffa 1976, Weber and Borcherding 1993). 
 
MAVT can explain how weights should be assessed in the context of different 
aggregations. For example, according to MAVT the impact category weights in Eq. 14 
reflect the damages caused by Ni and this feature has to be taken into account in the 
determination of the attribute weights. In the elicitation situation the question format has to 
be adjusted so that panelists express their opinions about the importance of different 
impacts caused by reference values Ni (Seppälä 1997, 1999, Seppälä and Hämäläinen 
2001). 
 
Furthermore, MAVT can explain precisely how attribute weights are obtained in the two 
level hierarchy model in which there are also sub-categories. In the case of Fig. 1 in the 
determinations of weights of ecotoxicity sub-category SC (ka7,sc) and weights of attribute 
X7,sc,j within the ecotoxicity sub-category SC (kb7,sc,j),  the panelists are asked to adjust their 
weights to x*7,sc,,j which represents the total ratings caused by all the emissions of the 
chosen reference area. 
 
Finally, the ecological impact value score of alternative a, denoted I(a), was easily obtained 
by multiplying through the tree. Given the simple conditions described above, the 
calculation rule in the case of Fig. 1 is  
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 where wi is  weight of the impact category i , i =1,...,7 (see Fig. 1). 
 
Note that in the model the weights of each hierarchy level is normalised to 1 (w1 + w2 + ... + 
w7 = 1; k1,1  + ... + k1,4 = 1; k2,5  + k2,6 + k2,7 = 1; k3,6  + k3,8 + k3,9 = 1; k4,6 + k4,7 + k4,10 + k4,11 
= 1; k5,12 = 1; k6,13 = 1; kb7,1,10 = 1; kb7,2,10 + kb7,2,11 + kb7,2,12 = 1; kb7,3,11 + kb7,3,12 = 1; ka7,1+ 
ka7,2+ ka7,3 = 1) according to MAVT. 
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3 A CASE STUDY OF THE FINNISH METALS INDUSTRY 
3.1 Background 
A project - Life Cycle Assessment as a Tool for the Management of Environmental Issues 
in the Finnish Metals Industry - was carried out by the Finnish Environment Institute and 
the Finnish metals industry (Seppälä et al. 2001a). The study covered all Finnish metal 
producing plants and their production in 1997. The product groups were: 1) steel plates and 
coils; 2) steel bars; 3) steel wires; 4) stainless steel; 5) copper; 6) nickel; 7) zinc and 8) 
aluminium. Inventory analyses and life cycle assessments were made for all eight product 
groups and also separately for nineteen so-called metal products which were included in the 
product groups.  
 
For example, the product group of stainless steel consists of (1) hot rolled coil, (2) hot 
rolled and pickled coil and (3) cold rolled, annealed, pickled, skin passed coil. The coils are 
manufactured from steel scrap, ferrochrome and ferronickel. Ferrochrome is made totally 
from domestic ore. Nickel is produced by the Outokumpu flash smelting method in Finland, 
but nickel concentrates are mainly imported from several sources around the world. The 
production units for nickel, ferrochrome and coils are modern and their technological 
solutions correspond to best available techniques (Riekkola-Vanhanen 1999a,b). 
 
In this report the inventory results are assessed for the product group of metal X as an 
example of the impact assessment. The results of this product group do not correspond to 
any real life results of the product groups studied.  
3.2 Data on interventions 
In life cycle inventory (LCI), one tonne of metal product at the factory gate was used as a 
formal functional unit of the study. In LCIs material inputs, consumption of primary energy, 
wastes and emissions to water and air were assessed, beginning from the extraction of raw 
materials and ending with the delivery of products from the factories. The LCI data was 
compiled according to the following life cycle stages: 1) concentrate (mining and 
concentration); 2) scrap (collection, transportation and processing of external scrap); 3) 
other materials (production of additives and chemicals); 4) production (of metals); 5) 
energy (grid electricity used in the production stage); 6) transports (of raw materials); and 
7) by-products (credits). 
 
The LCI data for each individual production stage was jointly compiled by the Finnish 
Environment Institute and the company producing the metal. The inventory data for raw 
materials was compiled from the international LCI studies (IISI, ICA, IZA, 1998). The 
inventory data for collection, transportation and processing of externally supplied scrap 
(Melanen et al., 2000), the electricity generation model for Finland and the specific 
emission coefficients for transportation were elaborated in the study itself (Seppälä et al. 
2001a). 
3.3  National scale impact assessment model 
Firstly, the inventory data of each product group was analysed by a so-called national scale 
impact assessment model based on Eq. 13. The model differs from the traditional approach 
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applied in LCIA in that the location of emission sources is taken into account in 
determining the magnitude of effects. Characterisation factors, reference values and impact 
category weights were adjusted to handle impacts caused by emissions from Finland. The 
impact categories included were climate change, acidification, tropospheric ozone 
formation and aquatic eutrophication.   
 
In the model, characterisation factors of interventions for climate change corresponded to 
Global Warming Potentials derived from the International Panel on Climate Change (IPPC 
1996).  
 
Under acidification and eutrophication the characterisation factors were calculated by Eq. 9. 
The characterisation factors of acidification were determined according to  equivalency 
factors commonly applied under acidification (e.g. Lindfors et al. 1995) and transport/effect 
factors based on calculations of scientific transport-air quality models and expert 
judgements (see Seppälä 1997, 1999). The process produced average Finland-specific 
characterisation factors. 
 
Under aquatic eutrophication the characterisation factors of nitrogen and phosphorous into 
water are source-dependent. Equivalency factors were obtained from Heijungs et al. (1992). 
In addition, transport and effect factors for each nutrient source were determined according 
to Seppälä et al. 2001b.  
 
Under ozone formation Finland specific characterisation factors are determined on the basis 
of transport-air quality model study and of expert judgement. These characterisation factors 
are country-dependent, i.e. factors can be applied for emissions released from Finland (see 
Seppälä 1997, 1999). 
 
Reference values for climate change, acidification and tropospheric ozone formation were 
calculated according to the characterisation factors determined and estimation of the total 
emissions from Finland in 1997. Under aquatic eutrophication the reference value was 
calculated by Eq. 12 in which the emission load sources were grouped according to sectors 
(agriculture, forest industry, cultivation etc.) In addition, the average values of transport and 
effect factors for the sectors were determined (see Seppälä et al. 2001b). 
 
An overall environmental impact indicator result (impact value), aggregating the impacts of 
the various impact categories, was calculated by using impact category weights (Eq. 14). 
They were obtained from a valuation task in which 37 Finnish experts working with 
environmental issues expressed their opinions about the relative importance of different 
impacts from the point of view of decreasing adverse effects in an integrated manner. The 
weighting of the impact categories was carried out by using direct expert opinion.  The 
experts were asked to answer the following question: “To what degree do you prefer to 
restrict the emissions causing acidification as compared to the emissions causing 
eutrophication ? “. Only domestic interventions were taken into account in the valuation. 
The elicitation procedure applied for impact category weights has been described by 
Seppälä (1997, 1999). 
  
The average weights were calculated from individual answers. The impact category weights 
used in the study were as follows: climate change 0.39, acidification 0.23, tropospheric 
ozone formation 0.10 and aquatic eutrophication 0.28. Note that the weights were 
normalised to sum to one and the higher the value of the impact category weight, the more 
harmful the impact. 
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In practice, emissions of many metal product groups including all life cycle stages are 
released mostly from Northern Europe. For this reason, it was assumed that the following 
equation holds 
 

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)(         (16) 
 
where I(lcs) is an impact value caused by life cycle stage lcs of a product group, Fiw is a 
weighting factor (or weight) of impact category i (i =1,…,n) related to adverse effects 
caused by emissions from Finland, Ii (lsc) is an indicator result of impact category i caused 
by life cycle stage lsc and  Ni (F) is a reference value (or normalisation score)  of  impact 
category i caused by emissions from Finland. 
3.4 Total impact assessment model 
The national scale impact assessment model only covers a few of the impacts caused by the 
production of metal X. Therefore, impact categories which do not have scientifically based 
characterisation factors, or for which there is no measured data, were also handled by a so-
called total environmental impact assessment model. In the LCA application of the Finnish 
metals industry this model was separately constructed for each production site in which an 
expert group expressed their opinions about the relative importance of different impacts and 
interventions caused by the mill.  This expert group consisted of an environmental manager 
of the company and inspectors from the municipality and a regional environmental 
authority. The construction of the model and the valuation task were conducted according 
to decision analysis techniques with the help of an analyst and a decision analysis 
programme HIPRE (Hämäläinen and Lauri 1992). First, the experts constructed a value tree 
for impacts. It covered all relevant impact categories giving a fair and relevant description 
of the environmental effects caused by the production stage studied. Under each impact 
category, interventions causing the defined effects of the impact category were determined. 
The value tree also included the impact categories and interventions of the national scale 
impact assessment model. In the LCIA applications of the Finnish metals industry the new 
impact categories with interventions were: ecotoxicity (metals to the air and water, oil, 
cyanides), health effects (POPs (e.g. PCB, PAH, dioxins), As, Pb, Cd, Ni, SO2, NOx ),  
direct effects on flora (SO2, NOx, fluoride, dust), oxygen depletion (biological/chemical 
oxygen demand, ammonium), solids to water, thermal load, impacts on amenities (dust), 
wastes (different groups), noise, smell, soil and ground water pollution (different 
interventions).  
 
In the case of metal X, oxygen depletion, solids to water, thermal load and smell were 
omitted from the value tree (Fig. 2) because the production stage caused small effects under 
these impact categories. Ecotoxicity was divided into three sub-categories in order to ensure  
better opportunities for assessing attribute values. The same concerned wastes. Under waste 
sub-categories there were three different attributes: space, soil emissions and natural 
resources. Space referred to the value of occupied land area and natural resources described 
the value related to depletion of minerals and other sources so that the future generations  
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Figure 2. The value tree of the ecological impacts in the product stage of metal X and 
values of attribute and sub-category weights (Seppälä et al. 2000). Legend: POP(A)=release 
of persistent organic pollutants (e.g. PAHs, dioxins, pentachlorophenol) into the 
atmosphere, (W)= emission into water, TOX-soil= hazardous compounds from disposal 
area of the production stage. 
 
Climate change CO2(F) 1.00
SO2 0.34
Acidification NOx 0.66
Tropospheric ozone formation NOx 1.00
POP(A) 0.00
Cr(A) 0.64
Chronic terrestrial Ni(A) 0.21
Pb(A) 0.01
          0.33 Zn(A) 0.14
Cr(A) 0.01
Ni(A) 0.19
Ecotoxicity            0.34 Chronic aquatic Zn(A) 0.02
Cr(W) 0.08
Ni(W) 0.66
Zn(W) 0.04
        0.33
Cr(W) 0.19
Ni(W) 0.51
Acute aquatic Zn(W) 0.11
Cyanide(W) 0.10
Oil(W) 0.09
 Total Cr(A) 0.34
 impact Health effects Pb(A) 0.33
Ni(A) 0.33
Fluoride(A) 0.29
SO2 0.13
Direct effects on flora NOx 0.29
Dust 0.29
Effects on amenities Dust 1.00
NOx 0.64
Eutrophication N(W) 0.35
P(W) 0.01
Municipal wastes Space 1.00
Water purification Space 1.00
Wastes wastes
Space 0.20
Process wastes Soil emissions 0.20
Natural resources 0.60
Neutralisation deposit Space 0.66
Soil emissions 0.34
Noise Noise 1.00
Soil and groudwater pollution TOX-soil 1.00
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would not have the same opportunities to utilise them. Under contaminated soil and ground 
water there was only one attribute that described the risk caused by the whole group of 
dangerous substances existing in the soil and ground water due to old activities of the 
product stage. 
 
Having structured the value tree, the experts expressed their consensus judgements on the 
relative importance of interventions within each “new” impact category. This relative 
importance RIi,j(ps) corresponded to a value in which characterised intervention value was 
divided by the reference value, i.e. 
 
,
)(
)()(
)( ,, psN
psEpsC
psRI  
i
jji
ji
⋅
=   i=1,…,n and j=1,…,m   (17) 
 
where Ni (ps) is a reference value (or normalisation score)  of  impact category i caused by 
emissions from the production stage of metal X (=mill). For the reference value it holds that 
 

=
⋅=
m
j
jjii psEpsCpsN
1
, )()()( ,  i=1,…,n    (18) 
 
Comparing Eqs. 17 and 18 with Eq. 6 we notice that the relative importance of 
interventions within each impact category can be interpreted as attribute weights, i.e. 
ps
jiji kpsRI ,, )( = . This holds if 
*
,, )( jiji xpsx = . Furthermore,  
 
nik
m
j
ps
ji ,...,1,1
1
, ==
=
       (19) 
  
The elicitation of the judgements of attribute weights was based on direct weighting with 
help of the HIPRE programme (Fig. 3). In the valuation the quantities of interventions 
caused by the production stage were taken into account and the scientific “facts” and 
information on local effects were gathered and discussed. During the weighting the experts 
discussed the bases of their opinions and the values of attribute weights were finally 
determined according to the consensus principle.   
 
Under ecotoxicity and wastes, attribute weights psjik ,  were obtained with the help of 
determination of attribute weights within sub-categories and sub-category weights. The 
weights, ps jscikb ,,  (sc=sub-category), were determined in the same way as attribute weights 
within other impact categories. After the weighting of attribute weights within sub-
categories, the sub-category weights of ecotoxicity and wastes ( psscika , ) were determined 
according to the direct weighting and consensus principle. Sub-category weights were also 
normalised to 1 under the both impact categories. Finally, attribute weights within 
ecotoxicity category (i = 4) were calculated by 
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Figure 3. Direct weighting in the case of health effects. The task is to draw up or down bars 
which represent the magnitude of attribute weights. At the starting point the attribute 
weights for each intervention were the same (A). The higher the value, the more harmful 
emission caused by the production stage. At the end of the task attribute weights are 
normalised to 1 (B). 
 
 

=
=⋅=
3
1
,,4,4,4 13,...,4,
sc
jscsc
ps
j jkbkak       (20) 
 
and in the case of waste category (i=9) according to 
 

=
=⋅=
4
1
,,9,9,9 20,...,18,
sc
jscsc
ps
j jkbkak      (21) 
 
Under “new” impact categories, the determination of attribute weights was based on expert 
judgements, whereas attribute weights within the impact categories of the national scale 
impact assessment model were directly calculated from Eq. 17. Under climate change, 
acidification and tropospheric ozone formation Ci,j(ps) were Ci,j(F). These Finland-specific 
characterisation factors were same as the factors in the national scale impact assessment 
model. Under eutrophication Ci,j(ps)s were the same as the factors of the production stage 
used in the national scale impact assessment model. 
 
The results for attribute weights were used in the basic aggregation equation (see Eq. 13): 
 
 
= = = =
⋅=⋅⋅=
n
i
m
j
n
i
m
j
ps
ji
ps
ijiji
ps
ji
ps
i kwpsxvkwpsI
1 1 1 1
,,,, ))(()(     (22) 
 
where psiw is a weighting factor (or weight) of impact category i (i =1,…,n) related to 
adverse effects caused by emissions from the production stage of metal X. Note that the 
value of value function ))(( ,, psxv jiji  is 1 because it was assumed that 
*
,, )( jiji xpsx =  and 
relationships between interventions and damages are linear.  
               Health Effects
1 1
Attribute A) Attribute B)
weight weight
          Fluoride(A)    SO2     NOx    Dust                          Fluoride(A)    SO2     NOx    Dust        
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Figure 4. Impact category weights during the different stage of the weighting task.  
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Furthermore, the impact value of intervention ( )( psI j ) caused by the production stage can 
be calculated by 
 

=
=⋅=
n
i
ps
ji
ps
ij mjkwpsI
1
, ,...,1,)(       (23) 
 
After the determination of attribute weights each expert judged impact category weights 
according to direct weighting. The task of experts was to adjust the weights of the new 
impact categories to scales in which the site-specific impact category weights of the 
national scale impact assessment model were expressed (Fig. 4). Assuming linear 
relationships between interventions and impacts, the site-specific impact category weights 
for  the production stage can be calculated by 
 
8,3,2,1,
)(
)(
=⋅= i
FN
psI
w  w
i
iF
i
ps
i       (24) 
 
where  wips= site-specific impact category weight for the production stage of metal X 
within impact category i 
i = impact category i presented in the national scale impact assessment model 
(1=climate change, 2=acidification, 3= tropospheric ozone formation, 4=aquatic 
eutrophication) 
  wiF =  original weight of impact category i in the national scale impact 
assessment model 
Ii (ps) = indicator result of impact category i caused by the production stage of 
metal X  
Ni (F) = reference value of impact category i related to Finland, i.e. indicator 
  result of impact category i caused by Finnish emissions 
 
Note that in Eq. 23 values of Ii (ps) and Ni(F)  were calculated by characterisation factors of 
emissions of the national scale impact assessment model. Weights wiF were obtained from 
the weighting task carried out in the context of the national scale impact assessment model 
(see Section 3.3). According to MAVT weights wiF should reflect the importance of the 
damage caused by Ni (F). 
 
According to the MAVT framework impact category weights were normalised to 1 after the 
weighting task. Average impact category weights were calculated from the individual 
answers. Finally, the impact value (=total environmental impact indicator result) of each 
intervention was calculated by Eq. 23. 
 
3.5 Results and their further use 
The total environmental impact assessment model produced a result in which process 
wastes, hazardous compounds from the disposal area, nickel emission into water, chromium 
emissions into the air and dust were the most important interventions in the production 
stage of metal X from the point of view of intervention reduction (Fig. 5). The impact 
values of these five interventions were approximately 35 % of the total impact value caused 
by the 21 interventions of the production stage.  In the assessment the total impact value  
of interventions causing local effects (wastes, dust, noise and hazardous compounds from 
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Figure 5. Average impact values of interventions from the production stage of  metal X 
calculated by the total impact assessment model. 
 
 
the disposal area) proved to be more important than the total impact value of emissions 
used in the national scale impact assessment model. 
 
To examine the sensitivity of the impact value scores Ij(.) to different views about impact 
category weights, the model calculation can be made by using a weight set obtained form 
each individual panelist instead of using the average weights. It is a well-known feature of 
the hierarchical model that changing the values of elements at the lower levels of the value 
trees, i.e. attributes, has only minor effects on impact values (e.g. von Winterfeldt and 
Edwards 1986). Impact category weights are the most important factors for sensitivity 
analysis. 
 
The impact value scores of interventions provides the basis for the calculation of the 
production stage-specific impact factors for the interventions. The starting point is that the 
impact value scores are related to the quantities (loads) of interventions caused by the 
production stage. Thus, dividing the impact value score by the corresponding load from the 
production stage the production stage-specific impact factors of interventions are generated 
(Table 1). The division leads to very small numbers. For this reason, the impact factors are 
multiplied by a constant (e.g. 1 000 000) in order to obtain manageable results (Table 2). By 
multiplying the loads of interventions and their impact factors we obtain impact value 
scores for each intervention. The higher the impact value score, the more reduction is 
needed. 
 
In LCIA studies there are sometimes interventions for which the exact values are not 
known. However, in valuation these interventions can be taken into account and, 
furthermore, we can calculate their impact value scores. In our case study the loads of 
fluoride coming into the air, dust, municipal wastes, noise and hazardous substances from 
the disposal area are unknown. Their loads were determined to be 1,000, representing the 
current load levels of these interventions caused by the production stage of metal X. After 
that we could calculate the production stage-specific impact factors for these interventions. 
However, these impact factors can only be used for the loads of these 5 interventions 
related to the value of 1 000,  
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Table 1. Interventions of the metal X model, their calculated impact value scores and loads 
(t/a) in 1997. Bold numbers represent the unknown values of interventions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
whereas for other interventions loads should be expressed as kg. For example, if we want to 
know which of the measures, 30 % noise reduction or 10 % dust reduction, are more 
important, we calculate the result in the following way:  
 
- 30 % noise reduction: 300 * 17.8 = 5340 
- 10 % dust reduction: 100* 88.8 =  8880 
 
According to the calculation the 10 % dust reduction offers more benefits from the point of 
view of the environment. 
 
In principle, impact factors can be used for interventions caused by other life cycle stages 
than the production stage (Table 3). However, the impact factors are adjusted to the 
circumstances of the production stage. As mentioned earlier, the same amount of 
intervention j may cause different responses in the environment, depending on properties of 
recipient waters, soil and air. For this reason the model’s ability to describe impact value 
scores of the other life cycle stages may be poor. The practitioner should take this into 
account in the interpretation of results. 
 
    
 
Load of the
Intervention Impact value score production stage
1997 (kg/a)
CO2(F) 0.0537 293197000
SO2 0.0146 92400
NOX 0.0409 466100
Cr(A) 0.0930 14599
Ni(A) 0.0619 3317
Pb(A) 0.0013 3172
Zn(A) 0.0198 13419
Fluoride(A) 0.0275 1000
Dust 0.0888 1000
Cr(W) 0.0342 3687.03
Ni(W) 0.1479 2030.11
Zn(W) 0.0201 1629.98
Cyanide(W) 0.0122 353.06
Oil(W) 0.0115 1430.55
N(W) 0.0098 165525.17
P(W) 0.0001 64.35
Municipal wastes 0.0000 1000
Water purification wastes 0.0113 25800000
Process wastes 0.1815 276928000
Neutralisation deposit 0.0340 11318000
Noise 0.0178 1000
TOX-soil 0.1079 1000
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Table 2. Impact factors of interventions caused by the production stage of metal X. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the total impact assessment model only those interventions caused by the production 
stage are taken into account. The other life cycle stages may cause interventions that are not 
included in the model. If the characterisation factors of these interventions within each 
impact category are known, it is easy to calculate impact factors for these interventions. For 
example, ammonia emission into the air causes acidification and aquatic eutrophication. 
From the basic national scale impact assessment model we know that the relationship 
between the characterisation factors of ammonia and nitrogen oxide within acidification is 
4.14 and within aquatic eutrophication 2.875. Furthermore, we can establish from the 
elements of the total impact assessment model that the contribution of acidification to the 
impact factor of nitrogen oxide (0.0878) is 13,63 % and the contribution of aquatic 
eutrophication is 6.43 %. Thus, the impact factor of ammonia is 
0.1363*4.1400*0.0878+0.0643*2.8750*0.0878 = 0.0658. In the case of metal X the impact 
factors of CH4, NH3, NMVOC, HCl, CO and N20 were derived from the characterisation 
factors of the national scale impact assessment model and the impact factors of other 
emissions in the total impact assessment model  (see Table 2). 
Intervention Impact factor
CO2(F) 0.0002
SO2 0.1580
NOX 0.0878
Cr(A) 6.3708
Ni(A) 18.6596
Pb(A) 0.4053
Zn(A) 1.4731
Fluoride(A) 27.5414
Dust 88.7970
Cr(W) 9.2883
Ni(W) 72.8298
Zn(W) 12.3277
Cyanide(W) 34.6893
Oil(W) 8.0318
N(W) 0.0592
P(W) 1.5579
Municipal wastes 0.0000
Water purification wastes 0.0004
Process wastes 0.0007
Neutralisation deposit 0.0030
Noise 17.7502
TOX-soil 107.8935
CH4 0.00389
NH3 0.06578
HCl 0.02676
NMVOC 0.00319
CO 0.00098
N2O 0.05675
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Table 3. Impact value scores of interventions caused by the different life stages of metal X. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the case of the Finnish metals industry a total environmental impact assessment model 
for each production stage of all eight metal product groups (see Section 3.1) was 
constructed. These total impact assessment models had their own scales depending on the 
elements of the value trees. These different scales were changed to the same scale in order 
to compare total environmental impacts caused by different metal product groups. The scale 
changing was conducted with the help of the impact factors of CO2. In each model the 
impact factor of CO2 was chosen as a reference impact factor, i.e. the impact factors of 
interventions in each model were divided by the model’s impact factor for CO2. Then the 
impact values of interventions were obtained by using these new impact factors. Finally, all 
impact values within each model were summed up. This total impact value of each metal 
group revealed the magnitude of adverse effects in the same scale. However, the results of 
different models are not directly comparable because the impact category weights in each 
model were obtained from different experts. 
 
The case study of the Finnish metals industry revealed that in the production stages of the 
metal product groups interventions causing the local effects have important roles in 
environmental protection. Depending on the production stage of the metal product group 
the total impact values of these interventions (without metals emissions to water and air) 
varied between 35 and 68 % of the total impact values caused by the production stage. This 
is an important result (although it is mostly due to subjective weighting) because the 
assessments of local environmental impacts are omitted from the current LCIA 
methodology. 
 
 
 
 
 
 
 
Emission Impact value score
variable
Main raw materials   Scrap Other materials Production Energy Transport By-products Sum
CO2 9071 668 8490 8141 3336 615 0 30321
N2O 213 9 42 0 104 3 0 371
CH4 24 2 -88 0 14 1 0 -48
SO2 13243 117 36116 1843 4432 3121 0 58872
NH3 0 0 0 0 0 0 0 0
NOX 9533 3173 23010 6762 2812 5776 0 51066
HCl 1 0 43 0 0 0 0 45
CO 263 17 212 0 3 8 0 503
NMVOC 1612 31 207 0 378 20 0 2248
Ni(A) 934 0 2808 10140 21 0 0 13903
Cr(A) 2367 0 3 12496 7 0 0 14872
Pb(A) 0 0 6 212 0 0 0 219
Zn(A) 145 0 5 3084 1 0 0 3235
N(W) 460 0 25 1224 18 0 0 1727
P(W) 129 0 6 0 7 0 0 141
Oil(W) -49 20 848 118 86 77 0 1098
Ni(W) 2047 0 36905 13031 0 0 0 51983
Cr(W) 977 0 0 2601 0 0 0 3577
Zn(W) 2541 0 230 67 0 0 0 2839
Cyanide(W) 2373 0 50 40 0 0 0 2464
Sum 45884 4037 108918 59759 11219 9620 0 239437
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4 DISCUSSION AND CONCLUSIONS 
 
The decision analysis framework offers theoretical bases for the prioritisation of 
interventions (emissions, extractions and land use) of a product system. The evaluation can 
be carried out by using commonly used phases of LCIA (determination of impact 
categories, classification, characterisation, normalisation and weighting). The strength of 
decision analysis is that it offers tools for constructing different assessment problems, 
determining subjective judgements and aggregating inputs in a rational way. For example, 
following the rules of multiattribute value theory (MAVT) we can calculate impact value 
scores for interventions with global, regional and local impacts on the environment. 
 
This paper describes the LCIA method of combining global and local impacts from the 
perspective of MAVT. The solution for assessing the potential impacts of global and 
regional impact categories of LCIA uses the basic LCIA methodology beginning from the 
determination of impact categories and ending to weighting. This so-called national scale 
impact assessment model utilises decision analysis techniques and rules for weighting. In 
the model, the weighting factors and reference values of each impact category should fulfil 
the MAVT requirement so that they are related to each other. 
 
The national scale impact assessment model produces impact value scores according to the 
same bases for all products throughout their entire life cycles. This model covers impact 
assessments of global and regional impact categories having the best scientific bases for 
characterisation in LCIAs. In the model used in the study, characterisation factors were 
adjusted to describe the adverse effects caused by interventions from Finland. Moreover, 
normalisation and impact category weighting factors were related to adverse effects caused 
by interventions from Finland. The solution implies that if emissions are released from 
other areas as Northern Europe, the model results are not suitable for establishing priorities 
because of the Finland-specific factors in the model. The effects of different environmental 
conditions on the results can be interpreted by using sensitivity analysis. On the other hand, 
the accurate solution requires that site-specific characterisation and impact category 
weighting factors are used for each intervention source. Such site-specific values may be 
definable for characterisation factors (Potting et al. 2001) but not according to current 
knowledge for impact category weighting factors. 
 
The magnitude of local environmental impact caused by a certain intervention source 
always depends on the environmental conditions near the intervention source. Thus, 
characterisation and weighting factors of impact categories causing local effects on the 
environment should be determined by taking into account the real conditions. For this 
reason, the intervention sources of a clearly restricted area offer a good staring point for an 
impact assessment model trying to cover all environmental impacts. In the case study of 
metal X this area covered the activities of a mill, referred to as the production stage. In 
practice, the total impact assessment model of the production stage of metal X consisted of 
the same phases as the national scale impact assessment model and utilised the elements of 
the national scale impact assessment model. The production stage-specific characterisation 
factors of interventions within global and regional impact categories were obtained directly 
from the national scale impact assessment model. The Finland-specific impact category 
weighting factors were changed to the production stage-specific weighting factors on the 
bases of linear assumptions about relationships between interventions and adverse effects 
and of MAVT rules. The solution led to a situation in which the reference values (or 
normalisation scores) for all impact categories represented impact category indicator  
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results caused by the production stage. Furthermore, this allowed the weighting task in 
which all impact categories were weighted against each other on the basis of adverse effects 
caused by the production stage. The advantage was that impact category weights derived 
from the national scale impact assessment model did not need to be weighted against each 
other. The proportions of these weights remained the same during the weighting task.  The 
panelists` task was to adjust their opinions about the weights of local impact categories to 
the framework in which the weights of global and regional impact categories were already 
set. 
 
Note that the method developed does not offer a solution as to how to adjust the tradeoffs 
between the impact category weights derived from the national scale impact assessment 
model and the weights of local impact categories. It is the panelists' duty to determine the 
value level between these two weight groups. 
 
On the basis of the results of the total impact assessment model it is easy to calculate so-
called impact factors for each interventions of the production stage. These factors also 
enable the calculation of the impact value scores of interventions for the other life cycle 
stages of the product. However, if the environmental conditions on which the interventions 
of the other life cycle stages cause adverse effects differ from those of the production stage, 
the results calculated by impact factors of  interventions of the production stage lead to 
incorrect prioritisation for the interventions of the other life cycle stages. Thus, each life 
cycle stage needs their own characterisation factors for the interventions and impact 
category weighting factors. However, the problem still remains: how to combine in 
particular the results of local impacts of the different life cycle stages to the same 
framework. In practice, this can be carried out by using valuation. But how we can obtain 
the consistence weighting factors for each life cycle stage? Because of these unsolved 
difficulties the use of the model is mainly restricted to the life cycle stage. In addition, it has 
to be taken into account in the interpretation that the results of the total impact assessment 
model reflect rather the opinions of experts than scientifically based knowledge.  
 
This paper describes weight evaluation by direct weighting procedure. It is only one method 
for weight elicitation. There are many other procedures for the determination of weights in 
the MAVT literature, e.g. the ratio method (Edwards, 1977), the swing weighting method 
(von Winterfeldt and Edwards, 1986) and the pricing out method (Keeney and Raiffa, 
1976). In practice, the advantage of direct weighting is its simplicity. This is why we have 
therefore illustrated weighting in the context of the direct weighting procedure. The aim of 
this paper was not to evaluate the features of different elicitation techniques in the LCA 
context.  There is a continuing need for further research into applying different elicitation 
techniques in LCIA.  
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